The navigation of axons toward their targets is a highly dynamic and precisely regulated process during nervous system development. The molecular basis of this navigation process is only partly understood. In Caenorhabditis elegans, we isolated the RNAihypersensitive strain nre-1(hd20) lin-15b(hd126), which allows us to phenocopy axon guidance defects of known genes by feeding RNAi. We used this mutant strain to systematically screen 4,577 genes on chromosomes I and III for axon guidance phenotypes. We identified 93 genes whose down-regulation led to penetrant ventral cord fasciculation defects or motoneuron commissure outgrowth defects. These genes encode various classes of proteins, ranging from secreted or putative cell surface proteins to transcription factors controlling gene expression. A majority of the genes is evolutionary conserved and previously uncharacterized. In addition, we found axon guidance functions for known genes like pry-1, a component of the Wnt-signaling pathway, and ced-1, a receptor required for the engulfment of neurons undergoing apoptosis during development. Our screen provides insights into molecular pathways operating during the generation of neuronal circuits and provides a basis for a more detailed analysis of gene networks regulating axon navigation.
The navigation of axons toward their targets is a highly dynamic and precisely regulated process during nervous system development. The molecular basis of this navigation process is only partly understood. In Caenorhabditis elegans, we isolated the RNAihypersensitive strain nre-1(hd20) lin-15b(hd126), which allows us to phenocopy axon guidance defects of known genes by feeding RNAi. We used this mutant strain to systematically screen 4,577 genes on chromosomes I and III for axon guidance phenotypes. We identified 93 genes whose down-regulation led to penetrant ventral cord fasciculation defects or motoneuron commissure outgrowth defects. These genes encode various classes of proteins, ranging from secreted or putative cell surface proteins to transcription factors controlling gene expression. A majority of the genes is evolutionary conserved and previously uncharacterized. In addition, we found axon guidance functions for known genes like pry-1, a component of the Wnt-signaling pathway, and ced-1, a receptor required for the engulfment of neurons undergoing apoptosis during development. Our screen provides insights into molecular pathways operating during the generation of neuronal circuits and provides a basis for a more detailed analysis of gene networks regulating axon navigation.
Wnt ͉ neuron ͉ development ͉ axon navigation D irected outgrowth of neuronal processes like axons and dendrites reflects a complex navigational problem because of the large number of neurons involved in this process. Several conserved signaling systems have been described that influence the direction of outgrowth of navigating axons (for reviews, see refs. [1] [2] [3] . Despite this progress in the identification of axon guidance signals, their small number does not match the complexity of the guidance process and the large number of neurons involved. The rather limited defects in mutants of known guidance cues indicate that a substantial fraction of axon guidance genes remains to be identified.
The nematode Caenorhabditis elegans is a suitable model for such a purpose, not only because its nervous system is simple and well described, but also because large-scale screens can be performed fast and easily. C. elegans has a comparatively small nervous system, with exactly 302 neurons in the adult hermaphrodite (4, 5) . Axons and dendrites are typically unbranched and grow out in a stereotypic fashion. Because it is now possible to label neurons in vivo using fluorescent proteins like GFP (6, 7), large-scale direct visual screens for axon navigation defects have become feasible. In the last few years, RNAi in C. elegans (8) has become a powerful method to identify genes controlling particular biological processes, such as longevity, fat regulation, genome stability, RNAi, or transposon silencing (9) . Unfortunately, RNAi, by feeding, does not function efficiently in the nervous system (10), effectively preventing use of this tool for the molecular analysis of axon guidance. Here we report the isolation of a strain in C. elegans that shows enhanced RNAi in the nervous system and the use of this RNAi hypersensitive strain for identification of genes regulating axon guidance.
Results
Isolation of an RNAi-Sensitive C. elegans Strain. To identify RNAihypersensitive mutants suitable for analysis of axon navigation, we performed a genetic screen with a transgenic C. elegans strain expressing GFP at moderate levels in the entire nervous system (unc-119::GFP). In a WT background, this strain showed no reduction of GFP expression in neurons after feeding of bacteria expressing GFP dsRNA (ϭ feeding RNAi) (Fig. 1c) . We screened for mutants with decreased neuronal GFP expression after feeding RNAi against GFP and identified a mutant we named nre-1(hd20) for neuronal RNAi efficient. In feeding RNAi experiments with nre-1(hd20), typically only a small and variable number of neurons continued to express GFP at low levels (Fig. 1d) . Nre-1(hd20) mutant animals are further characterized by a reduced number of progeny at 20°C (159 Ϯ 18, n ϭ 4) compared with WT (270 Ϯ 18, n ϭ 4). At 25°C, brood size is reduced even further to 7 Ϯ 2 (n ϭ 10) compared with 169 Ϯ 10 in WT (n ϭ 4). Nre-1(hd20) was mapped to the right arm of the X chromosome to a region containing the lin-15b gene, which was recently described to be RNAi hypersensitive (11) . Sequencing of the lin-15b locus in our hypersensitive strain revealed a G to A transition in the splice acceptor site of the fifth intron (position 2463 of cosmid ZK678; GenBank accession no. Z79605). Destruction of this splice acceptor most likely leads to splicing out of the sixth exon, causing a frame shift. This effectively truncates the protein and eliminates the DNA-binding domains, suggesting that our strain contains a strong loss-of-function mutation in lin-15b. Our strain, however, has additional phenotypes, such as the sterility at 25°C, that are not shared by lin-15 alleles. In fact, lin-15ab(n765ts) complements this sterility phenotype of nre-1(hd20). We therefore conclude that our RNAi-hypersensitive strain contains two closely linked mutations, one of them in lin-15b and a second in a nearby gene. All of the phenotypes cosegregated in all genetic experiments, and we were never able to separate the different phenotypes in our strain. Most importantly, both mutations contribute to RNAi hypersensitivity, because our nre-1(hd20) lin-15b(hd126) strain is more effective than lin-15b(n744), particularly in RNAi experiments targeting neuronally expressed genes (Table 1) . Further, comparison with other RNAi-hypersensitive strains like rrf-3, eri-1, and an eri-1; lin-15b double mutant indicates that our nre-1(hd20) lin-15b(hd126) strain is the only one where known axon guidance genes can be phenocopied with high penetrance (Table 1 ; RNAi directed against unc-40 or unc-73), making it the strain of choice for an RNAi screen for axon guidance genes.
Large-Scale RNAi Screens for Axon Guidance Genes. We used nre-1(hd20) lin-15b(hd126) in a large-scale screen for axon guidance genes on chromosomes I and III. A fluorescent reporter was used to label interneurons of the motor circuit, as well as several classes of motoneurons (DA, DB, DD, and VD). This allowed analysis of the majority of axons in the ventral and dorsal cord, as well as outgrowth and navigation of motoneuron commissures that connect ventral and dorsal cord ( Fig. 2 a and e) . (Table 2) . In one case, we found gaps in the dorsal cord or more rarely in the ventral cord (Table 2 ; Fig. 2c ), indicating a failure of the outgrowth process per se rather than a navigation error. To analyze the defects in more detail, we labeled subsets of neurons with different fluorescent proteins, namely the excitatory DA/DB type motoneurons with cyan fluorescent protein and interneurons with DsRed and DD/VD motoneurons with yellow fluorescent protein (YFP). The majority of commissure as well as ventral cord defects are found in DD/VD motoneurons ( Table 2) . Ventral cord crossover defects in DD/VD motoneuron axons are found in 42 of the 93 RNAi clones, with 25 also sharing interneuron axon crossover defects and 8 both interneuron and DA/DB motoneuron crossover defects. Only three clones led to defects exclusively in interneurons, and no clone was found to interfere only with DA/DB axon guidance in the ventral cord.
To determine whether the identified genes govern axon guidance in other neuron populations, we repeated the RNAi feeding experiments with the positive clones isolated in the first screen and scored PVP and PVQ axons in the ventral cord using a different reporter strain. A total of 12 genes showed defects in PVPR and PVQL axon guidance with a penetrance ranging from 20% to 43% (Table 2 , PVQ).
The axon guidance genes identified fall into distinct functional categories. A number of genes encode putative secreted or cell surface proteins like cdh-4, a member of the cadherin family of adhesion molecules (Table 2 , Secreted or cell surface). Cdh-4(RNAi) leads to midline crossing defects within the ventral cord and defasciculation of the dorsal cord, suggesting that cdh-4 plays a role in the adhesion of axons extending together in the same axon tract. Ced-1(RNAi) also leads to midline crossing and commissure navigation defects. The second category of genes contains signaling molecules that may connect signal-receptor complexes to effectors acting on the cytoskeleton (Table 2, Signaling). RNAi against pry-1, a component of the Wnt-signaling pathway, leads to defects in dorsal and ventral cord fasciculation and commissure guidance defects. RNAi against unc-101, a clathrin adapter protein implicated in trafficking of olfactory receptors (12) , leads to gaps in the ventral cord and commissure guidance defects. Other genes in this category include kinases and phosphatases, which currently cannot be placed in any of the known signaling pathways. A smaller group (Table 2, Cytoskeleton) consists of proteins directly associated with the cytoskeleton, like myosin and kinesin family members as well as unc-70/spectrin. Another group of genes encodes transcription factors and regulators of protein degradation (Table 2 , Transcription, splicing, protein modification/degradation). Among them is cnd-1, a NeuroD homolog that determines motoneuron cell fate as well as aspects of terminal differentiation like directed axon outgrowth (13) and homeobox and T-box containing transcription factors. Targeted protein degradation after ubiquitinylation is another way of controlling protein activity. We identified wwp-1, an E3 ubiquitin ligase, leading to defects in all analyzed axon trajectories. As in previous RNAi screens, a number of genes involved in general cellular metabolic processes were identified as well (Table  2 , Cell metabolism). Here the axon guidance phenotypes most likely are a secondary consequence of a disturbed cell metabolism. In many cases, these RNAi clones produced additional phenotypes like slow growth or even larval or embryonic arrest, indicating that this category includes genes with a lethal phenotype that might not be completely penetrant in the RNAi experiment. Finally, a large fraction of the genes encodes proteins with no recognizable domains, making a functional classification difficult ( Table 2 , Unknown function). Several are conserved genes like Y106G6H.8, which encodes a small membrane protein, possibly a member of a novel receptor family involved in axon guidance. Genetic mutations are not available for most of the genes identified in our screen. However, we were able to test the axon guidance function of several genes identified in the screen by analyzing existing genetic mutants. In lin-39 mutant animals, we could not observe any axon guidance defect, indicating that our collection contains some ''false positives.'' By contrast, pry-1, ced-1, and unc-101 mutants show axon outgrowth and/or navigation defects like the corresponding RNAi experiments (Fig. 2 d, g-i and Table  3 ). Pry-1(mu38) mutants showed the strongest defects, with branched commissures and ventral cord midline crossing defects (Fig. 2d) . Ced-1(e1735) mutants exhibit only commissure defects (Fig. 2g) , and unc-101(m1) mutants are characterized by branched lateral outgrowing commissures and prominent gaps, predominantly in the dorsal cord ( Fig. 2 h and i) . This shows that the RNAi phenotypes can be confirmed by the analysis of genetic mutants, which are more suitable for a detailed study of gene function. (11, 18) . This pathway seems to act in parallel to the eri-1/rrf-3 pathway, because a combination of mutations in those pathways is even more RNAi-hypersensitive than the single mutants (11, 18) . A combination of eri-1 and lin-15b was recently used successfully in an RNAi screen to identify genes affecting synaptic transmission (19) . Although the eri-1;lin-15b mutant combination also allows to phenocopy axon guidance defects to a certain extent, we find that the nre-1(hd20) lin-15(hd126) mutant combination described here provides a better genetic background to screen for genes involved in axon guidance. One of the mutations in our strain, Genes Controlling Axon Navigation. Our screen identified most of the known axon guidance genes in C. elegans on the investigated chromosomes (i.e., unc-40, unc-71, unc-73, and hse-5). A few genes like lin-11 or unc-119 were missed, indicating that even in our highly sensitized background, it is not possible to identify the complete set of genes needed for axon navigation. We also identified a few genes (i.e., lin-39) as having a role in axon navigation, where gene mutations do not seem to confirm this function. One possible explanation for the discrepancy is a dependence of the RNAi effect on axon guidance on the particular genetic background used in the screen. Lin-39 and lin-15b, which is mutated in the strain used in the RNAi screen, are both transcription factors and share a function in vulva cell fate specification (20) . The RNAi experiments could point to a synergistic function of these genes in axon guidance. The 93 genes affecting interneuron and/or motoneuron navigation fall into distinct functional categories, showing that our screening approach was able to identify genes at all levels of axon guidance regulation. One class of genes encodes putative secreted or cell surface proteins. One of those proteins (D1044.2) has structural similarity to nidogen (NID-1), a component of the basement membrane known to be important for the correct positioning of axon bundles in C. elegans (21) . Another gene in this category is the cadherin CDH-4, one of two fat-like cadherins encoded in the C. elegans genome (22) . No function for cdh-4 has been described. We have isolated mutants, confirming the function for cdh-4 in axon guidance (C.S. and H.H., unpublished results). Fat-like cadherins are expressed in the developing nervous system in vertebrates, and mice lacking mFat1 exhibit defects in forebrain and eye development (23, 24) , suggesting an evolutionary conserved function for fat-like cadherins in nervous system development.
Midline crossing defects of interneuron and/or motoneuron axons in the ventral cord were a prominent phenotype in our RNAi screen. PVP and PVQ axons, which also run in the ventral cord, were rarely affected, leading to two conclusions. First, the majority of the genes identified has a specific role in the navigation of certain classes of axons rather than a general role in axon guidance affecting every neuron (as would a global signal). Second, different axons extending in the same axon bundle apparently use different combinations of signals to navigate and stay on course. This adds an additional level of complexity and hints at how neuronal circuits can be formed in a robust way: by using not a few globally acting signals but separate sets of signals for different groups of axons, even for those that travel along the same path. This confirms earlier studies, which suggested that different classes of neurons with axons in the ventral cord use different combinations of guidance signals to navigate (25) . Conversely, particular guidance signals in the ventral cord apparently are shared by neurons belonging to the motor circuit. Ventral cord defects in DA/DB motoneurons are always, and defects in glr-1::GFP expressing interneurons are predominantly, found in combination with VD/DD defects, suggesting that the affected genes belong to an axon guidance pathway shared by these neurons.
Functions for ced-1, unc-101, and pry-1 in Axon Navigation. To validate the screen results, we analyzed mutants of ced-1, pry-1, and unc-101 and found axon guidance defects similar to those in the RNAi screen, suggesting that these genes have previously unrecognized functions in neuronal circuit formation. Ced-1 is an EGFdomain-containing receptor implicated in cell-cell recognition between apoptotic and hypodermal cells destined to engulf them (26) . Ced-1 has been shown to be expressed in many neurons in the head and ventral cord (26) . Our results show that the receptor has a second function in circumferential guidance of motoneuron commissures. Unc-101 encodes a homolog of the medium chain of the clathrin adaptor complex AP1 (9, 27) . Trafficking of olfactory receptors depends on unc-101 (12) , suggesting that in unc-101 mutants, altered axon guidance receptor localization could be responsible for the observed defects. Pry-1 encodes the C. elegans axin homolog (28) . RNAi against pry-1 leads to severe defects, In summary, we isolated the RNAi-hypersensitive mutant combination nre-1(hd20) lin-15b(hd126) suitable for RNAi analysis of axon guidance. The large number of axon guidance genes identified in our screen provides a basis for further molecular analysis of directed axon outgrowth at all regulation levels, from extracellular signals to transcriptional control of axon guidance genes.
Materials and Methods
Nematode Strains and GFP Markers. For the RNAi screen, the following promoters were used to drive YFP expression in a subset of neurons with axons in the ventral cord: interneurons, glr-1 (35, Nre-1(hd20) lin-15b(hd126) was mapped by using SNP after crossing with the strain CB4856 (Hawaii isolate). The sterility phenotype was used to identify nre-1 homozygotes, which were then also tested for RNAi hypersensitivity. Both traits mapped to a region between SNP pkP6117 on cosmid C27C12 (corresponding to map position 21.4) and the end of the right arm of the X chromosome.
RNAi Screening and Analysis of Axonal Defects. RNAi by feeding was performed as described (39) with the following modifications: RNAi feeding clones were grown for 16 h in LB culture with 50 g/ml ampicillin and seeded onto agar plates containing 1 mM isopropyl ␤-D-thiogalactoside and 50 g/ml carbenicillin. Twentyfour hours later, L3 stage hermaphrodites were placed on the plates and incubated for 5 days at 20°C. Bacterial clones leading to axonal defects were retested twice, and only clones giving significant phenotypes with P Ͻ 0.01 ( 2 test) in all three experiments were scored as positive. All inserts from positive clones were sequenced to confirm identity of the clone. The following discrepancies were detected: well for clone JAC16C10.8 contained clone JAT02C12.1, JAD1044.1 contained JAD1044.2, JAC38C10.2 contained JAC38C10.3, JAB0280.4 insert corresponds to unc-70. For phenotypic analysis, worms were washed off the feeding plates with M9 buffer containing 3 mM levamisole and mounted on agar pads. Axon guidance defects were scored with a Zeiss Axioskop Microscope (Zeiss, Oberkochen, Germany) by using a 40ϫ Plan Neofluar objective and a standard YFP filter set. Stacks of confocal images were recorded with a Leica (Deerfield, IL) TCS SP2 microscope and are shown as maximum-intensity projections generated by ImageJ software (http://rsb.info.nih.gov/ij).
Statistical Analysis. Significances of differences in defects between control strains and mutant strains/RNAi-treated animals were determined by 2 test. All axon guidance defects in Table 2 are significant, with P Ͻ 0.01 in comparison with the YFP marker strain in WT background.
